Quaternary nanostructured Cu(In 1 − x Ga x )Se 2 (CIGS) arrays were successfully fabricated via a novel and simple solution-based protocol on the electroless deposition method, using a flexible, highly ordered anodic aluminium oxide (AAO) substrate. This method does not require electric power, complicated sensitization processes, or complexing agents, but provides nearly 100% pore fill factor to AAO templates. The field emission scanning electron microscopy (FE-SEM) images show that we obtained uniformly three-dimensional nanostructured CIGS arrays, and we can tailor the diameter and wall thicknesses of the nanostructure by adjusting the pore diameter of the AAO and metal Mo layer. Their chemical composition was determined by energydispersive spectroscopy analysis, which is very close to the stoichiometric value. The Raman spectroscopy, x-ray diffraction (XRD) pattern, and transmission electron microscopy (TEM) further confirm the formation of nanostructured CIGS with prominent chalcopyrite structure. The nanostructured CIGS arrays can support the design of low-cost, highlight-trapping, and enhanced carrier collection nanostructured solar cells.
Introduction
Chalcopyrite quaternary Cu(In 1 − x Ga x )Se 2 (CIGS) compound semiconductors are considered to the most promising absorber materials for thin film photovoltaic applications because they have high absorption coefficients of visible light up to about 10 5 cm −1 , the ability to undergo band gap engineering through alloy formation, and longterm reliable optoelectronic stability [1] [2] [3] . To date, thin film photovoltaic devices based on chalcopyrite CIGS absorber layers show excellent light-to-power conversion efficiencies of about 20.4% [4] . However, the best performance of CIGS absorber film was produced by a threestage co-evaporation process, which can severely hinder the diffusion of this device because of the high-cost vacuum deposition techniques and low material utilization. Therefore, these factors have led to the continued development and investigation of wide novel materials processing and device structures for enabling acceptable efficiencies [5] [6] [7] .
On the one hand, the low-cost and convenient nonvacuum-based approaches, such as chalcogenide-hydrazine complex precursors [8, 9] , sol-gel spin coating process [10] , electrodeposition [11] [12] [13] [14] [15] , and nanoparticle-based inks [16] [17] [18] [19] , generate significant research interest as potential alternatives. Among the different non-vacuum-based methods, the most intensely investigated and striking strategy may be the solution-based methods. Compared with vacuum-based deposition techniques, the solution-based methods have many advantages, such as low instrumental and material costs, high throughput, controllability of chemical composition, efficient utilization of raw materials, and feasibility in making largearea film [20, 21] . The hydrazine solution processed solar cells have achieved, to date, 15.2% power-conversion efficiency [22] . However, hydrazine is highly toxic and must be handled with appropriate protective equipment to prevent contact with either the vapors or liquid.
On the other hand, nanostructure materials have received ever-increasing interest over the past several decades owing to their remarkable properties and intriguing applications in many areas such as catalysis [23] , superhydrophobic surfaces [24] , semiconductors [25] , biosensors [26] , and solar cells [27] [28] [29] . Additionally, diverse parameters of nanoporous anodic aluminium oxide (AAO) can be easily prepared by adjusting anodizing potential and electrolytes. Accordingly, high-ordered AAO is considered to be one of the most suitable host or template materials for nanomaterial fabrication [30, 31] .
In recent years, we have also made many efforts to synthesize nanostructured absorber materials by simple, solution-based methods. In previous works, we have reported self-and directed-assembly of CuInSe 2 nanotubes and CIGS nanopores by highly ordered AAO templates [32, 33] . In the present work, we report a novel nonhydrazine solution process employing a direct electroless deposition to prepare CIGS nanostructured arrays. It is important that we can tailor the morphology of the nanostructure arrays by adjusting some physical parameters, including the pore diameter size of the AAO template and the metal Mo layer.
Experimental setup

Preparation of anodic aluminum oxide template
It is widely recognized that ideally ordered AAO can be prepared through mild anodization and hard anodization [34, 35] . In this work, AAO was fabricated using two previously published procedures [36, 37] . First, high-purity circular aluminum sheets (99.999%, 2.5 cm in diameter, 0.25 mm thick) were used as starting specimens. Then, the specimens were degreased in acetone, washed by deionized water, and electropolished at a constant voltage, 10 V, in a 1:4 volume mixture of perchloric acid and ethanol at room temperature. The first-step anodization was performed in a 0.25 M phosphoric acid electrolyte solution at the potential 195 V for 100 s and −4°C (or 0.3 M oxalic acid, 40 V, 2 h, 10°C), with vigorous magnetic stirring. A power cooling system and a large electrolysis cell (2 L) were used to maintain the low temperature required for high-field anodization. Then, the first anodization specimens were immersed in a mixture of 6.0 wt% phosphoric acid and 1.8 wt% chromic acid at 60°C for 4 h to remove the alumina layers with an orderless surface. The well-ordered concave patterns on the aluminum foil acted as self-assembled masks for the second anodization. The second anodization was performed under the same conditions as the first. Finally, after removing the remaining aluminum on the back side in a 1:3 volume mixture of hydrochloric acid and saturated copper sulfate solution at room temperature, pore openings were created in a 5 wt% phosphoric acid solution at 45°C for 60 min Most importantly, it should be noted that a fraction of Al foil surrounding the fabrication of the porous AAO template was not anodized. Moreover, the remaining Al played a key role in the deposition process. The morphology of the specimens was investigated by a field-emission scanning electron microscope (FE-SEM; FEI Sirion 200).
Sputtering molybdenum back electrode
A Mo layer was deposited on the back side of the AAO by magnetron sputtering in Ar gas at a pressure of 8 mTorr at room temperature. The Mo films were sputtered from a molybdenum target foil (diameter: 75 mm, thickness: 5 cm, purity: 99.999%). First, the vacuum chamber was evacuated to a base pressure of 10 −4 pa. Then the power supply was turned on and the sputtering power adjusted to 50 w. Through changing the sputtering time, we can obtain diverse pore diameters in the nanopore Mo films on the AAO in order to control the wall thickness of the nanostructures.
Electroless deposition CIGS
The nonhydrazine solution for synthesis of CIGS nanostructured arrays was a mixture. The molar concentrations of the individual salts in the deposition solution were as follows: 2.5 mM CuCl 2 , 7.5 mM InCl 3 , 10 mM GaCl 3 , and 5 mM H 2 SeO 3. The pH value of the mixture solution was adjusted to 2.2 by 5 M NaOH buffer solution. The electroless deposition time was precisely controlled to obtain 1-2 μm high arrays. Following electroless deposition, the samples were soaked in deionized water and dried under a steady stream of nitrogen. Then, the as-prepared samples were annealed at 550°C temperature with the heat in rate of 10°C per min in a vacuum tube furnace for 30 min.
Characterization
The morphology of the as-prepared and annealed CIGS nanostructured arrays were observed by FE-SEM (FEI Sirion 200). The composition was investigated by an energy-dispersive x-ray spectrometer (EDS) system (Inca Oxford) attached to the FE-SEM. The Raman spectra were measured by an InVia-Reflex Micro-Raman spectroscopy system (Renishaw, English). A laser wavelength of 532 nm was used as the excitation source. The crystallographic structure was determined by x-ray diffraction (XRD; D8 DISCOVER x-ray diffractometer, Bruker, Germany) with Cu K α radiation (λ = 1.54 Å). Transmission electron microscopy (TEM) images, and the corresponding selected area electron diffraction patterns, were taken on a JEOL JEM2100F. Figure 1 shows a schematic diagram of the fabrication process of CIGS nanostratured arrays. After Al wafers were degreased, washed, and electropolished, a through-hole AAO template with a narrow, ring-shaped Al foil was fabricated via two-step anodization and hole-opening. Then the Mo-coated AAO template prepared via sputtering was put into the mixed solution consisting of 2.5 mM CuCl 2 , 7.5 mM InCl 3 , 10 mM GaCl 3 , and 5 mM H 2 SeO 3 , in which a galvanic displacement reaction occurred. The formation process of CIGS nanostructured arrays can be explained by galvanic displacement method. The growth mechanism was reported in detail in our previous work [32] . When the pH value of the solution is about 2.2, the following galvanic displacement reaction will occur: The morphology of the as-prepared CIGS nanostructured arrays depends on the AAO and the Mo layer, as the CIGS was grown on the Mo layer and confined in channels of the AAO template. On one hand, we used high-field and low-field to obtain different AAO pore diameters. Figure 2 presents the SEM pictures of the as-prepared highly ordered AAO template. Figures 2(a) and (b) are the FE-SEM images of the top view and the cross-sectional view of the AAO template prepared by high-field anodization method; figures 2(c) and (d) were prepared by the low-field anodization method. The pore diameters of the AAO are about 200-275 nm and 75-120 nm, respectively, in images (b) and (d). By using the high-field and the low-field AAO, we can obtain different outside diameter CIGS arrays. On the other hand, we can control the sputtering time to obtain different pore diameter metal Mo layers, in order to gain various inside diameter CIGS arrays. The surface morphology of the deposition metal Mo layers on AAO with different sputtering times was displayed in figure 3 . In figures 3(a)-(c) , the sputtering time was 2 min, 4 min, and 12 min, respectively, on high-field AAO; the pore diameters of the obtained corresponding porous Mo layers were about 135 nm, 110 nm, and 57 nm on average. In figure 3(d) , the deposition time was 5 min on the low-field AAO, and the Mo layer pore diameter was 19 nm. Their chemical compositions, which were very close to the stoichiometric value, were determined by energy-dispersive spectroscopy analysis. Figure 7 shows that the composition of the CIGS nanostructure arrays is 28.41:17.54:9.86:44.18. The controllability of composition is an important advantage in the fabrication of CIGS by solution process. This EDS mapping analysis displays a homogeneous distribution of the four elements Cu, In, Ga, and Se on the 2D-projected chemical maps of the nanostructure.
Results and discussion
The Raman spectroscopy, XRD patterns, and TEM were further used to confirm the formation of nanostructured CIGS with a prominent expected chalcopyrite structure. Figure 8 
, and (312) show good agreement with the results of the XRD pattern. Therefore, the as-synthesized CIGS nanostructure array is qualified and available for absorber-layer fabrication.
Conclusions
In summary, a simple nonhydrazine solution-based electroless chemical deposition method has been developed for fabricating CIGS nanostructure arrays for the absorber layer of nanostructure solar cells. Compared with conventional electrodeposition techniques, this method does not require electric power, complicated sensitization processes, or complexing agents, but provides a nearly 100% pore-fill factor for AAO templates. Moreover, the AAO template and the Mo layer provide CIGS nanostructured arrays that are nanochannelconfined for growth. We demonstrated the fabrication of nanostructured CIGS arrays with diverse diameters and wall thicknesses by using different pore diameter AAO templates and metal Mo layers. The controllability and tunability of composition is an important advantage in the fabrication of CIGS by this solution process. The nanostructured CIGS arrays can support the design of low-cost, highlight-trapping, and enhanced carrier collection nanostructured solar cells. Moreover, we are using this method to fabricate nanostructured solar cells and synthesize other material nanostructured arrays, such as Cu 2 ZnSnS 4 . 
